Members of the endosomal sorting complex required for transport (ESCRT) machinery function in membrane remodelling processes during multivesicular endosome (MVE) biogenesis, cytokinesis, retroviral budding and plasma membrane repair. During luminal vesicle formation at endosomes, the ESCRT-II complex and the ESCRT-III subunit vacuolar protein sorting (VPS)-20 play a specific role in regulating assembly of ESCRT-III filaments, which promote vesicle scission. Previous work suggests that Vps20 isoforms, like other ESCRT-III subunits, exhibits an auto-inhibited closed conformation in solution and its activation depends on an association with ESCRT-II specifically at membranes [1] . However, we show in the present study that Caenorhabditis elegans ESCRT-II and VPS-20 interact directly in solution, both in cytosolic cell extracts and in using recombinant proteins in vitro. Moreover, we demonstrate that purified VPS-20 exhibits an open extended conformation, irrespective of ESCRT-II binding, in contrast with the closed auto-inhibited architecture of another ESCRT-III subunit, VPS-24. Our data argue that individual ESCRT-III subunits adopt distinct conformations, which are tailored for their specific functions during ESCRTmediated membrane reorganization events.
INTRODUCTION
Active cell-surface receptors and other transmembrane proteins undergo down-regulation through the generation of multivesicular endosomes (MVEs), which sequester cargoes within the lumen of the endosome and block interactions with cytoplasmic effectors [1] [2] [3] . Biogenesis of MVEs is dependent upon a collection of proteins known as the endosomal sorting complex required for transport (ESCRT) machinery, which functions in the identification of cargoes for internalization, membrane deformation to generate nascent vesicles that bud away from the cytoplasm and the scission event that releases these vesicles into the endosome lumen [4, 5] . Transmembrane proteins destined for degradation are modified by ubiquitin conjugation, which acts as a sorting signal recognized by early-acting components of the ESCRT machinery [6, 7] . In addition to MVE biogenesis, subsets of the ESCRT machinery also play roles in cytokinesis, the budding of several enveloped viruses and plasma membrane repair [8] [9] [10] . These processes are topologically equivalent, suggesting a specialized function for the ESCRT machinery in promoting scission events from the cytoplasmic surface of membranes.
The ESCRT machinery is made of five complexes (ESCRT-0, ESCRT-I, ESCRT-II, ESCRT-III and vacuolar protein sorting (Vps)4-Vta1) and a set of accessory proteins. ESCRT-0, ESCRT-I and ESCRT-II form stable heteropolymeric complexes in the cytoplasm, which contain ubiquitin-binding domains that directly interact with cargo [1, 3, 4] . In vitro studies suggest that ESCRT-I and ESCRT-II can contribute to membrane deformation on the surface of giant unilamellar vesicles (GUVs) and, upon addition of the ESCRT-III subunits Vps20 and Vps32, release nascent vesicles into the lumen of GUVs [11] . This suggests that ESCRT-III has a direct role in membrane scission. Unlike upstream ESCRT complexes, ESCRT-III polymerizes only on lipid bilayers in vivo and requires the Vps4-Vta1 complex to disassemble [1, 3, 12] .
Based on genetic and biochemical studies in yeast, the core ESCRT-III subunits are recruited in a sequential fashion to the site of MVE formation and include Vps20, Vps32, Vps24 and Vps2 respectively [13] . Vps20 binds to each of the two Vps25 subunits of ESCRT-II [14] . In vitro experiments suggest that conformational changes may occur in Vps20 when mixed with ESCRT-II and liposomes and these structural changes are associated with the recruitment and subsequent activation of Vps32 [15] . Vps32 is the most abundant ESCRT-III subunit and polymerizes to form filaments, which play a direct role in membrane scission [13, 15] . Additionally, a 'supercomplex' of ESCRT-II and Vps20 preferentially binds to regions of high curvature, spatially regulating Vps32 filament formation [16] . Vps24 may act as a cap for the forming filament and also binds to Vps2, which plays an important role in the Vps4-dependent disassembly of the ESCRT-III complex [13, 17, 18] .
The ESCRT-III proteins possess a similar overall architecture, with a basic N-terminus and an acidic C-terminus, both of which are composed of a series of α-helices. Crystallographic data on the helical core of human Vps24 (CHMP3) revealed a 70 Å (1 Å = 0.1 nm) helical hairpin (composed of helices 1 and 2) that forms an asymmetric four-helix bundle with two short helices (helices 3 and 4) [19] . The C-terminal portions (including helix 5) of the ESCRT-III proteins have been proposed to act as autoinhibitory domains, which prevent interaction between individual ESCRT-III subunits within the cytoplasm [20] [21] [22] [23] [24] . Two structures of human Vps24 have placed helix 5 in different positions. One shows helix 5 in a closed conformation, where it is packed against the helical hairpin loop [23] , whereas the other structure represents an open conformation where helix 5 lies perpendicular to the four-helix bundle [19] . Based on a crystal structure of the binding interface between Vps20 and ESCRT-II, the position of helix 5 should not be affected by their association [25] , suggesting that ESCRT-II binding to Vps20 would not promote its transition to a more open active conformation. In the present study, we take advantage of SAXS to demonstrate that Vps20, unlike Vps24, adopts an extended open conformation, independently of ESCRT-II. Our findings indicate that free ESCRT-III subunits exhibit distinct conformations in solution and additionally suggest that auto-inhibition does not represent a general mechanism to prevent cytosolic assembly of ESCRT-III polymers in vivo.
EXPERIMENTAL

Immunoprecipitation and MS
Adult Caenorhabditis elegans hermaphrodites were grown synchronously in liquid culture following a previously described protocol [26] . Immunoprecipitations were also conducted as described previously [26] , with the exception that detergent was eliminated from buffers when generating a high-speed cytosolic extract. C. elegans ESCRT-II-specific antibodies were raised in rabbits by immunization (Covance) with a StrepTagged form of the intact ESCRT-II complex (VPS-22, VPS-25 and VPS-36) produced in Escherichia coli. Antibodies were subsequently affinity-purified from serum by binding to a column harbouring the same recombinant ESCRT-II complex. Antibodies directed against VPS-20 and signal-transducing adaptor molecule (STAM)-1 have been described previously [16] . For MS analysis, proteins were precipitated by using TCA (trichloroacetic acid) and were subsequently processed for multidimensional protein identification technology (MudPIT) analysis [26, 27] . The spectra were searched with either the SEQUEST or the ProLuCID [28] algorithm against the WormBase C. elegans database.
Protein purification, gel filtration studies and CD
Recombinant protein expression was performed using BL21-T1R(DE3) E. coli. All proteins utilized in the present study were generated using C. elegans cDNA clones. For ESCRT-II, all subunits were cloned into the polycistronic expression vector pST39 [29] with a single tag appended to VPS-25 to enable purification. VPS-24, VPS-20 C (amino acids 1-170) and VPS-25 110-183 (amino acids 110-183) were cloned into pGEX6P-1, which encodes a cleavable N-terminal GST tag. VPS-20 was cloned into Histidine-Sumo-pET28d with a cleavable N-terminal Histidine-Sumo tag. Protein purifications were conducted using glutathione-agarose beads (for GST-VPS-24, GST-VPS-20   C   and GST-VPS-25 110-183 ) or nickel affinity resin (for intact ESCRT-II and Histidine-Sumo-VPS-20). The GST moiety was removed from VPS-24, VPS-20 C and VPS-25 110-183 using Prescission protease. The Histidine-Sumo tag was removed with Sumo protease and after cleavage the sample was mixed with fresh nickel resin to isolate VPS-20. Following affinity purification, all proteins (1 ml) were applied to a S200 size-exclusion column (GE Healthcare) equilibrated in either SAXS buffer (50 mM Tris/HCl, pH 8, 10 mM DTT, 100 mM NaCl) or ESCRT-II-VPS-20 interaction buffer (50 mM Hepes, pH 7.6, 1 mM DTT, 100 mM NaCl). Samples for SAXS were dialysed overnight into the SAXS buffer to ensure proper buffer matching (VPS-20 sample without salt was dialysed into SAXS buffer without NaCl). For ESCRT-II-VPS-20 interaction studies, both proteins were independently re-run over the S200 size-exclusion column along with a 1:2 molar ratio (ESCRT-II-VPS-20) that had been mixed for 1 h at 4
• C. One millilitre fractions were collected for each run and analysed by SDS/PAGE. Densitometry of each band was used to calculate peak elution volumes. C. elegans extracts generated in the absence of detergent were applied on to a Superose 6 gel filtration column and eluted fractions were separated by SDS/PAGE and immunoblotted using antibodies directed against ESCRT-II and VPS-20. Light scattering data were collected using a Wyatt mini-DAWN TREOS three-angle light scattering detector coupled to a high-resolution size-exclusion column. Data were collected at a flow rate of 0.5 ml/min and analysed with the ASTRA software to determine molecular mass (M r ) of protein [30] .
For CD studies, proteins were analysed using a 0.1 cm path length quartz cell. Proteins were dialysed overnight into 25 mM sodium phosphate (pH 7.2) and spectra were collected using a Model 202SF Circular Dichroism Spectrophotometer at 25
• C.
SAXS data collection
SAXS data were collected at the National Magnetic Resonance Facility at Madison (NMRFAM) using a Bruker Nanostar. The Bruker Nanostar had a wavelength of 1.54 Å with a sampledetector distance set to 67.7 cm resulting in a momentum transfer range of 0.01 < q < 0.40 Å − 1 . Data for SAXS buffer and protein were collected at 25
• C for 2-4 h. To account for excluded volume of the protein, buffer was subtracted. For optimal data, merged data sets were generated from two different concentrations using the lowest angles from one data set and the highest angles from another. An overlapping region of at least 60 points was utilized for the merging process. This was conducted in accordance with the Primus analysis guide. Guinier analysis was conducted to determine the R g (radius of gyration) value through the use of the Primus software (ATSAS) [31, 39] . A comparison of concentrations was conducted to detect overall quality of data.
SAXS analysis and modelling
Processing of SAXS data was performed with GNOM software (ATSAS) [32] to determine the D max of the protein and the Porod volume. An approximate M r can be determined by using the Porod volume in the following equation: M r = (Porod volume × 1.2)/2. Specifically, the GNOM software generates the pair distance distribution function (PDDF) for each sample, which describes the probability of finding two atoms a select distance apart. D max refers to the distance where the probability is zero to find two atoms the said distance apart. This distance defines the maximum dimension and governs the overall shape of the SAXS envelope. The D max was adjusted (1-2 Å increments) until the following criteria were met: there was a smooth drop to zero probability at D max , agreement between the R g from the Guiner transform and the R g from the PDDF was achieved and agreement between the experimental scatter data and the regularized scattering from the PDDF was reached. To avoid over-smoothing the regularization parameter, α, was kept below 5. The scattering amplitudes of the PDDF were used to calculate 15 replicate ab initio dummy atom models using DAMMIF [33] . The DAMAVER program was used to determine an averaged model reporting mean nominal spatial discrepancy (NSD) value to describe the uniqueness of the overall model [34] . Models generated from DAMAVER were superimposed with crystal structures (PDB codes 2GD5 and 3FRT) using the Supcomb20 algorithm [34, 35] .
Production of liposomes and co-floatation assays
Liposomes [36.5 % phosphatidylcholine, 30 % phosphatidylethanolamine (PE), 30 % phosphatidylserine, 3 % phosphatidylinositol 3-phosphate and 0.5 % rhodamine-labelled PE] were prepared by extrusion through polycarbonate filters with pore sizes of 50 and 400 nm (Avanti Polar Lipids). Dynamic light scattering measurements were conducted to determine the actual size distribution of liposomes generated. For coflotation assays, liposomes were incubated with protein in buffer (50 mM Hepes, pH 7.6, 100 mM NaCl and 1 mM DTT) prior to mixing with Accudenz density medium. Mixtures were overlaid with decreasing concentrations of Accudenz (0 %-40 %) and centrifuged for 2 h at 280 000 g. During this period, liposomes and associated proteins floated to the buffer/Accudenz interface and were harvested by hand. Recovery of liposomes was normalized based on the fluorescence intensity of the sample and equivalent fractions (when comparing flotation experiments that used liposomes of differing sizes) were separated by SDS/PAGE and subjected to immunoblot analysis to determine the relative amount of protein that bound [16] .
RESULTS
ESCRT-II interacts directly with VPS-20 in solution
ESCRT-II and Vps20 have been shown previously in yeast to associate only at endosomal membranes [15] . A mechanism underlying this specificity is lacking and structural studies fail to support the idea that these factors would be unable to bind in solution [25] . We used affinity-purified antibodies directed against ESCRT-II to conduct a series of immunoprecipitations from C. elegans embryo extracts. The specificity of our antibodies was confirmed using C. elegans extracts generated from wild-type animals and animals depleted of all three ESCRT-II subunits ( Figure 1A ). MudPIT was used to identify ESCRT-II interacting partners [36] . A directed search for all components of the ESCRT machinery that are expressed in worms revealed the presence of only the ESCRT-II subunits (VPS-22, VPS-25 and VPS-36) and the ESCRT-III protein VPS-20 ( Figure 1B ). To confirm this finding, we immunoprecipitated ESCRT-II and VPS-20 separately from C. elegans extracts and conducted a set of immunoblot analyses. Consistent with our unbiased MS-based approach, we found that ESCRT-II and VPS-20 bind to one another in solution, but neither interacts with upstream components of the ESCRT machinery ( Figures 1C and 1D ).
Since extracts used for immunoprecipitation were generated in the presence of detergent, the interaction between ESCRT-II and Vps20 observed may represent a remnant of an endosome-associated complex that was released upon membrane dissolution. We therefore conducted a series of additional immunoprecipitations using anti-ESCRT-II antibodies and extracts that either contained membranes (i.e., a low-speed supernatant that was centrifuged at 100 × g to clear cell debris following lysis) or were subjected to a high-speed centrifugation step (100 000 × g) in the absence of detergent (i.e., a cytosolic extract devoid of membranes). We found that a significant amount of VPS-20 was recovered from a membrane-containing extract, consistent with the idea that the ESCRT-II-VPS-20 complex exists on endosomal membranes. In contrast, we observed significantly less VPS-20 following ESCRT-II immunoprecipitation from a cytosolic extract ( Figure 1E ). Treatment of the low-speed supernatant with detergent prior to ESCRT-II immunoprecipitation similarly reduced the interaction between ESCRT-II and VPS-20, suggesting that the presence of membranes stabilizes their association. These findings are consistent with previous work demonstrating that the ESCRT-II-VPS-20 complex binds avidly to membranes [15, 16] . However, our data do not rule out the possibility that ESCRT-II initially binds to VPS-20 in the cytoplasm and is subsequently recruited rapidly on to endosomal membranes.
To explore this question further and determine whether the interaction between ESCRT-II and VPS-20 was direct, we purified recombinant forms of the proteins and measured their association using size exclusion chromatography. Independently, ESCRT-II and VPS-20 exhibit Stokes radii of approximately 4.9 and 3.0 nm respectively ( Figures 1F and 1G ). However, when combined at a molar ratio of 1:2 (to account for the presence of two VPS-20-binding sites in ESCRT-II), a new complex containing both ESCRT-II and VPS-20 forms in solution, with an enlarged Stokes radius of approximately 5.5 nm (Figures 1H and 1I ). Since the concentrations of recombinant ESCRT-II and VPS-20 used in these experiments are likely to be substantially higher than that of their endogenous counterparts in the cytoplasm, we also investigated whether native ESCRT-II and VPS-20 associate. To do so, we subjected a C. elegans cytosolic extract generated in the absence of detergent to size exclusion chromatography. Strikingly, following immunoblot analysis, we found that a large pool of VPS-20 co-eluted with ESCRT-II ( Figure 1J ). Collectively, these data suggest that ESCRT-II and VPS-20 interact directly in solution, but are subject to rapid recruitment on to membranes following their co-assembly in cells.
SAXS defines unique conformations for two ESCRT-III subunits
The interface between ESCRT-II and ESCRT-III has been determined crystallographically and identifies an N-terminal helix in Vps20 (helix 1, part of an asymmetric four-helix bundle), which mediates its association with ESCRT-II [25] . This interaction is not predicted to alter the auto-inhibitory conformation that is observed in other ESCRT-III subunits, such as human Vps24 and Ist1 [19, 23] . Combined with our findings that ESCRT-II and VPS-20 interact in solution, we questioned the proposed role for ESCRT-II in relieving VPS-20 from an auto-inhibited state to nucleate ESCRT-III polymerization. To explore the structures of full-length ESCRT-III subunits, none of which are amenable to X-ray crystallography, we took advantage of SAXS, a lowresolution structural approach that permits ab initio modelling to determine the conformations of proteins in solution. Previous studies using SAXS demonstrated that full-length human Vps24 exhibits a closed conformation under low salt conditions [22, 37] . To validate this approach using C. elegans ESCRT-III proteins, we prepared purified recombinant C. elegans VPS-24 for SAXS analysis. Based on size exclusion chromatography combined with multi-angle light scattering (SEC-MALS), untagged VPS-24 exhibits a molecular mass of 24.5 kDa (Figure 2A) , consistent with it existing as a monomer in solution, even at a concentration (A) Purified recombinant VPS-24 was separated over a gel filtration column that was coupled to a multi-angle light scattering device. Both the UV absorbance (green) and the light scattering (blue) profiles are plotted (top) and eluted fractions were separated by SDS/PAGE and stained using Coomassie Blue to highlight the elution profile of VPS-24 (bottom). (B) Log of scattered intensity compared with log of s is shown across the three concentrations of VPS-24 used in SAXS experiments (8 mg/ml, 4 mg/ml and 2 mg/ml). S is equal to 4πsin(θ)/λ (λ = wavelength and 2θ = scattering angle). Plots for each concentration of protein are labelled alphabetically (8 mg/ml is denoted 'a', 4 mg/ml is denoted 'b' and 2 mg/ml is denoted 'c'). (C) PDDF plots comparing the three concentrations of VPS-24 used in SAXS experiments. Plots for each concentration of protein are labelled alphabetically (8 mg/ml is denoted 'a', 4 mg/ml is denoted 'b' and 2 mg/ml is denoted 'c'). as high as 340 μM. SAXS analysis of VPS-24 produced consistent and interpretable scattering profiles across three protein concentrations ( Figure 2B ). From these data, we determined the R g and maximal inter-atomic distance (D max ) to be 23.3-25.2 Å and 73.5-75.0 Å respectively ( Figures 2C and 2D ). We generated a merged data set between two concentrations, which produced an R g of 23.3 Å and a D max of 74.0 Å ( Figure 2E ). The Porod volume was used to estimate the M r to be ∼21 kDa, consistent with its predicted M r of 23.6 kDa, based on amino acid composition. These data confirm that C. elegans VPS-24 is a monodispersed monomer in solution.
An overall protein envelope was determined ab initio from the scattering profile [33] . Fifteen independent models of VPS-24 were aligned and averaged [34] , with a NSD of 0.67 ( Figure 2F ). The overall envelope of VPS-24 reveals a compact structure in agreement with the previously published SAXS envelope of human Vps24, which exhibited a D max of 75 Å [22] . Together, our findings demonstrate that C. elegans VPS-24 possesses a similar conformation as compared with human Vps24 and validates our use of SAXS to study the structures of full-length ESCRT-III subunits.
To determine the conformation of VPS-20 in solution, we purified a recombinant form of the full-length untagged protein to homogeneity. Based on CD spectroscopy, the protein appeared folded and exhibited a characteristic spectrum for an α-helical protein, as is expected for ESCRT-III subunits ( Figure 3A) . Additionally, our previous work highlighted the functionality of recombinant VPS-20 in facilitating ESCRT-III filament assembly in the presence of ESCRT-II [16] . SEC-MALS analysis demonstrated that VPS-20 elutes in a single peak with a molecular mass of 25.5 kDa (Figure 3B ), similar to its predicted M r of 24.1 kDa, based on amino acid composition. These data indicate that VPS-20 is monomeric in solution. SAXS analysis of VPS-20 produced consistent and interpretable scattering profiles across three unique protein concentrations ( Figure 3C ). In contrast with our findings using VPS-24, VPS-20 exhibits R g and D max values ranging from 27.4 to 28.9 Å and 93.0 to 95.0 Å respectively ( Figures 3D and 3E ). We generated a merged data set between two concentrations, producing an overall R g of 27.3 Å and a D max of 94.0 Å ( Figure 3F ). The Porod volume estimated the M r to be ∼25 kDa, consistent with the predicted M r of a VPS-20 monomer.
An overall protein envelope for VPS-20 was obtained using ab initio modelling. Fifteen independent models produced an average envelope with a NSD value of 0.69 ( Figure 3G ). In contrast with the conformation of VPS-24, the overall shape of VPS-20 in solution revealed an elongated conformation. To verify that the limited concentration of salt (100 mM) used in our experiments was not affecting the shape of VPS-20, we conducted SAXS analysis on VPS-20 in the absence of salt, which yielded similar D max and R g values of 99.5 and 29.6 Å respectively ( Figure 3H ). Together, these data indicate that VPS-20 and VPS-24 do not share a similar conformation in solution.
VPS-20 exhibits an open conformation independent of ESCRT-II in solution
Although the SAXS envelope for VPS-20 indicates that it exhibits an extended conformation in solution, the orientation of the protein is difficult to assign unambiguously. We therefore generated a truncated form of C. elegans VPS-20 containing its asymmetric helical core (VPS-20 C ; helices 1-5 encoded by amino acids 1-170). CD spectroscopy indicated that the protein was folded and exhibited a spectrum characteristic of an α-helical protein, similar to that observed using full-length VPS-20 ( Figure 4A ). Based on SEC-MALS, VPS-20 C exhibited a molecular mass of 20.3 kDa (Figure 4B ), nearly identical with that predicted based on its amino acid composition (19.7 kDa) . These data strongly suggest it is monomeric in solution. We therefore analysed VPS-20 C using SAXS, which produced interpretable scattering profiles ( Figure 4C ) and revealed that VPS-20 C possesses R g and D max values ranging from 24.1 to 24.5 Å and 86.5 to 90.0 Å respectively (Figures 4D and 4E) . The Porod volume determined the M r to be 18.6 kDa, similar to that of a monomeric form of VPS-20 C . Fifteen independent models produced an envelope with a NSD value of 0.65 ( Figures 4F) . The overall shape of VPS-20 C was similar to the elongated conformation observed following SAXS analysis of full-length VPS-20.
Although the positioning of C-terminal helices within ESCRT-III subunits varies, depending on whether they exhibit an open or a closed conformation, the helical core domain is structurally stable [19, 23] . For example, two crystallographic structures for Vps24 have been determined. One of these structures utilizes a C-terminal truncation, similar to the truncation we produced in VPS-20 C , which displaces helix 5 away from the helical hairpin and represents an open conformation [19] . The alternative structure of Vps24 represents a closed conformation in which helix 5 is packed against the helical hairpin loop [23] . Unbiased in silico methods were used to fit both crystal structures within the SAXS envelope of VPS-20 C [35] . Although the open form of human Vps24 fits well into the SAXS envelope of VPS-20 C in all orientations ( Figure 5A ), the closed form could not be modelled into the envelope without helix 5 extending beyond its boundaries ( Figure 5B ). These data strongly suggest that VPS-20
C represents the open conformation of VPS-20.
We also overlaid the closed and open human Vps24 structures on to our full-length C. elegans VPS-24 SAXS envelope. In the open conformation, we found that helix 5 extends beyond the SAXS model using an unbiased modelling program ( Figure 6A ). We additionally attempted to manually fit the open structure, but still encountered difficulty in accommodating helix 5 within the boundaries of the SAXS envelope ( Figure 6B ). In contrast, we were able to easily fit the closed Vps24 conformation on to the SAXS structure in an unbiased manner, confirming that in solution, VPS-24 exhibits an auto-inhibited closed state in which helix 5 is folded on to the helical hairpin loop ( Figure 6C) .
Informed by the orientation of the human Vps24 crystal structure on the SAXS envelope generated by truncated VPS-20, we performed similar docking studies using our SAXS model for full-length VPS-20. Analogous to VPS-20 C , we found that the open configuration of Vps24 fitted nicely into the envelope ( Figure 6D ). Additionally, we identified a density in our SAXS envelope around helix 5, which probably accounts for the remaining C-terminal residues of VPS-20, which were too unstructured to be modelled using crystallographic data obtained for human Vps24 [19] . In contrast, when the structure representing the closed conformation of Vps24 was docked, we failed to identify a satisfactory conformation that did not leave substantial density both above and below the crystal structure ( Figure 6E) . Moreover, since VPS-20 adopts an elongated conformation in solution, with a D max of 94 Å, the crystal structure in which helix 5 is displaced away from the helical hairpin loop helps to account for this increase in diameter that extends beyond the 70 Å helical hairpin. Collectively, our data strongly suggest that VPS-20 adopts an open conformation in solution unlike the downstream ESCRT-III subunit VPS-24, which remains in an auto-inhibited closed state until activation. (A) CD spectroscopy was used to characterize VPS-20. Samples were analysed at a concentration of 1 μM and the data were normalized. CD spectra were collected at 25 • C in 25 mM sodium phosphate (pH 7.2) using a 1 mm path length quartz cell. (B) Purified untagged VPS-20 was separated over a gel filtration column that was coupled to a multi-angle light scattering device. Both the UV absorbance (green) and the light scattering (blue) profiles were plotted (top) and eluted fractions were separated by SDS/PAGE and stained using Coomassie Blue to highlight the elution profile of VPS-20 (bottom). A small light scattering peak, which contains no protein, is indicated (arrow) and is a result of non-specific column shedding. (C) Log of scattered intensity compared with log of s is shown across the three concentrations of VPS-20 used in SAXS experiments (9 mg/ml, 5 mg/ml and 2.5 mg/ml). Plots for each concentration of protein are labelled alphabetically (2.5 mg/ml is denoted 'a', 5 mg/ml is denoted 'b' and 9 mg/ml is denoted 'c'). (D) PDDF plots comparing the three concentrations of VPS-20 used in SAXS experiments. Plots for each concentration of protein are labelled alphabetically (9 mg/ml is denoted 'a', 5 mg/ml is denoted 'b' and 2.5 mg/ml is denoted 'c'). C by SAXS suggests that it exhibits an extended conformation, similar to the full-length protein in solution (A) CD spectroscopy was used to characterize VPS-20 C . Samples were analysed at a concentration of 1 μM and the data were normalized. CD spectra were collected at 25 • C in 25 mM sodium phosphate (pH 7.2) using a 1 mm path length quartz cell. (B) Purified untagged VPS-20 C (amino acids 1-170) was separated over a gel filtration column that was coupled to a multi-angle light scattering device. Both the UV absorbance (green) and the light scattering (blue) profiles were plotted (top) and eluted fractions were separated by SDS/PAGE and stained using Coomassie Blue to highlight the elution profile of VPS-20 C (bottom). (C) Log of scattered intensity compared with log of s is shown across the three concentrations of VPS-20 C used in SAXS experiments (9 mg/ml, 8 mg/ml and 7 mg/ml). Plots for each concentration of protein are labelled alphabetically (9 mg/ml is denoted 'a', 8 mg/ml is denoted 'b' and 7 mg/ml is denoted 'c'). (D) PDDF plots comparing the three concentrations of VPS-20 C used in SAXS experiments. Plots for each concentration of protein are labelled alphabetically (9 mg/ml is denoted 'a', 8 mg/ml is denoted 'b' and 7 mg/ml is denoted 'c'). 
Association with ESCRT-II promotes VPS-20 curvature sensing
Since our findings suggest that VPS-20 does not require an association with another factor to transition into an open state, we considered alternative roles of its interaction with ESCRT-II. We and others previously demonstrated that a combination of ESCRT-II and VPS-20 binds to membranes with tighter affinity as compared with either alone [16, 38] . Additionally, we found that a mixture of these proteins is capable of sensing elevated membrane curvature, whereas the individual factors cannot [16] .
To determine whether either of these properties depends on a conformational change in VPS-20 that is triggered by ESCRT-II binding, we examined the ability of VPS-20 to bind liposomes of varying curvatures in the presence of an ESCRT-II fragment (amino acids 110-183 of VPS-25), which does not associate with lipid bilayers, but was shown previously to interact directly with VPS-20 [25] . Although a mixture of VPS-25 110-183 and VPS-20 did not alter the affinity of VPS-20 for liposomes, we found that the presence of the VPS-25 polypeptide was sufficient to induce curvature sensing by VPS-20 ( Figure 7A ). Specifically, in contrast with VPS-20 alone, which does not exhibit a preference for more highly curved liposomes ( Figure 7B ), we found that the addition of VPS-25 110-183 enabled VPS-20 to bind 85 nm liposomes more than 2-fold better than 260 nm liposomes ( Figure 7C ). These data suggest that ESCRT-II binding to VPS-20 acts to alter the ability of VPS-20 to sense curvature and highlights a new form of ESCRT-III activation that does not involve a transition from a closed to open conformation.
DISCUSSION
ESCRT-mediated membrane fission is dependent upon the ESCRT-III complex. However, the mechanisms by which ESCRT-III subunits function co-operatively to mediate membrane scission are unknown. Recently, several models have been postulated to describe this process [1, 3, 4] . In the 'dome model', Vps32 forms flat inward-spiralling filaments that bind and initiate polymerization of Vps24 and Vps2, which generate a tube-like structure with a narrowing diameter that ultimately facilitates membrane cleavage [39] . Another scenario commonly referred to as the 'purse string model' asserts that Vps32 filaments are capped by Vps24 and its binding partner Vps2 to promote Vps4-Vta1 complex recruitment [15] . In this case, Vps4-mediated disassembly of ESCRT-III filaments alters its structure to promote membrane scission. Despite mechanistic differences within these models, all require individual ESCRT-III subunits to possess discrete functions during the membrane fission process. However, it has been difficult to structurally distinguish components of the ESCRT-III complex, even though each acts in a non-redundant manner. To define potential structural differences among the ESCRT-III subunits, we focused our attention on Vps20, a key factor linking the actions of ESCRT-II and ESCRT-III in MVE biogenesis [13, 25] . Although mechanisms underlying Vps20-mediated initiation of Vps32 polymerization remain unclear, the binding interface between Vps20 and the Vps25 subunit of ESCRT-II has been crystallized, revealing a specific association with the N-terminal portion of helix 1 within Vps20 [25] . This binding surface is not precluded in either open or closed conformations of other ESCRT-III subunits [19, 23] , challenging the idea that ESCRT-II activates Vps20 by relieving an autoinhibited conformation [15] . Although ESCRT-II modulates the fluorescence properties of Vps20, interpretation of these data is challenging in the absence of structural information [15] . Moreover, our data demonstrate that ESCRT-II and Vps20 bind avidly in solution, a finding that is inconsistent with the model that ESCRT-II mediates Vps20 activation specifically on the endosomal membrane. Instead, Vps20 may interact directly with ESCRT-II in the cytoplasm, generating a curvature-sensing supercomplex that then binds rapidly to the curved membranes and stimulates Vps32 polymerization at nascent vesicle bud necks [16] . In this revised model, alteration of a Vps20 closed conformation by ESCRT-II becomes unnecessary, as curvature sensing is sufficient to spatially regulate assembly of ESCRT-III polymers ( Figure 8 ).
Although high-resolution structures have been determined for the majority of the early-acting ESCRT machinery, the architectures of individual ESCRT-III subunits have been challenging to define using crystallographic methods. SAXS represents an attractive alternative approach that provides complimentary information of the conformation and overall shape of a protein, albeit at low resolution. An additional advantage of SAXS is that experiments are performed in solution without the need to incorporate artificial fluorescent dyes or tags, which can introduce structural artefacts [31] . Indeed, previous SAXS analysis of human Vps24 showed it to exist in a closed conformation in solution, consistent with models in which ESCRT-III subunits remain auto-inhibited in the cytoplasm [19, 22] . In the presence of non-physiological concentrations of salt, Vps24 can undergo a conformational change to an elongated state [22] , suggesting that SAXS analysis of ESCRT-III subunits is capable of determining their conformation. Our studies on C. elegans VPS-24 confirmed the above-mentioned results. However, analysis of full-length VPS-20 indicated it to be in an extended conformation, irrespective of salt concentration or the presence of ESCRT-II. These findings again argue against a role for ESCRT-II in promoting a dramatic conformational change in Vps20. In vivo, Vps20 has been suggested to undergo myristoylation [12] . Unfortunately, we were unable to purify in vitro myristoylated VPS-20 at a sufficiently high concentration in a buffer compatible with SAXS. However, it is important to point out that previous NMR studies focused on the small GTPase Arf1 demonstrated that myristoylation fails to alter the global fold of the protein [40] . Similarly, myristoylation may not have a substantial impact on the extended conformation of VPS-20, although further studies are necessary to demonstrate this directly and determine whether myristoylation of VPS-20 alters its ability to sense membrane curvature in the presence or absence of ESCRT-II. Nevertheless, based on our data, we propose that the conformations of individual ESCRT-III subunits vary, potentially tailoring each to a specific function during membrane scission. Additionally, our findings demonstrate that current models, which suggest all ESCRT-III proteins undergo a structural rearrangement from a closed to an open state to enable complex assembly, are overly simplistic. Only through a systematic structural characterization of each ESCRT-III subunit will the full complexity of ESCRT-III complex assembly be ultimately revealed.
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